Recent observations indicate that climate warming over the southeast Bering Sea shelf may negatively impact commercial and subsistence fish stocks by lowering abundance of large lipid-rich populations of Calanus. Warmer temperatures may impact Calanus by increasing metabolic rates and by altering food resources. We used published laboratory measurements on Calanus finmarchicus to develop a stage-specific individual base model to determine if Calanus populations on the southeastern Bering Sea shelf decline during warm years because of insufficient food concentrations, or because warmer winter temperatures elevate their metabolism during diapause, causing them to exhaust their lipid reserves before the onset of spring production. Results indicate that Calanus can reach its maximum size during both cold and warm years, but during warm winters, they will exhaust their lipid reserves during diapause by the end of December. During cold years Calanus can last into May of the following spring. Ice algae may provide a rich food source in March and April during cold years, before the spring phytoplankton bloom in May. Loss of Calanus on arctic and subarctic shelves may impact fish stocks which depend on Calanus for food.
ice extent to Calanus abundance is unclear. It has been hypothesized that ice algae or ice-related phytoplankton blooms may provide a critical food source not available in warm years when ice is absent Casas, 2014, Sigler et al., 2014) or that cold temperatures lower the Calanus metabolic demand, permitting longer survival during winter diapause when food is absent. Recent evidence indicates that the duration of diapause in Calanus is controlled by the effect of temperature on lipid metabolism and that warming can substantially shorten diapause by as much as 80 days (Pierson et al., 2013) . Clarification of the mechanisms linking Calanus populations to temperature regimes may aid in assessing the potential impacts of climate change on fish stocks of importance to subsistence communities and commercial fisheries on the southeastern Bering Sea shelf.
Clarification of the relationship between climate, food availability and Calanus metabolism requires detailed information on the growth, stage duration, food demands and respiration rates relative to temperature and food availability for the naupliar and copepodid developmental stages on the Bering Sea shelf. Although such information is not available for C. marshallae and C. glacialis from the Bering Sea, it is available for a closely related species, Calanus finmarchicus (Ingvarsdottir et al., 1999; Campbell et al., 2001) . We used the relationships described in the above publications to develop an individual base model (IBM) of Calanus, to help clarify how climate regimes influence Calanus populations. Specifically, we wanted to determine if Calanus could reach maximum size during warm and cold years, and if Calanus could survive diapause during warm and cold winters.
The copepod life cycle consists of an egg stage, six naupliar stages and six copepodid stages. The first two naupliar stages do not feed, naupliar Stages 3-6 and the copepodid stages feed on phytoplankton and microzooplankton. Copepodid Stage 5 undergoes diapause, when it ceases to feed and overwinters below 400 m depth (Maar et al., 2013) . However, Calanus populations on the southeastern Bering Sea shelf diapause at depths of 50-100 m, the bottom depth of the mid-shelf habitat. After overwintering, the Calanus molt to the adult copepodid Stage 6 and reproduce. While Calanus have been reported to reproduce without feeding, they normally feed following diapause and before reproduction (Durbin and Casas, 2014) .
M E T H O D Study area
The eastern Bering Sea shelf is >500 km wide (Stabeno et al., 1999) with a gradual slope of~1 m per 3 km (McDonald et al., 1981) to the shelf break at~200 m depth. Fronts divide the Bering Sea shelf into three distinct hydrographic regions during the production season: the Inner, Middle and Outer Domains (Coachman, 1986) . The Inner Domain is unstratified due to mixing of the water column by wind and tides. The Inner Front, at about the 50-m isobath, separates the Inner and Middle Domains (Stabeno et al., 2001; Kachel et al., 2002) . The Middle Domain is a two-layer system during the production season, with an upper mixed layer separated from the deeper layer by a pycnocline at~15-40 m depth (mean depth of the pycnocline is~20 m). The Outer Domain, between about the 100 and 200 m isobaths, consists of a wind-mixed surface layer and a tidally mixed bottom layer, separated by a transition zone. The Middle and Shelf-break Fronts separate the Middle and Outer Domains from the outer shelf and slope waters, respectively (Coachman, 1986) . This paper focuses on the Middle Domain ( Fig. 1) , where dense populations of Calanus have been observed (Coyle and Pinchuk, 2002; Baumgartner et al., 2013) .
The mean flow in the Middle Domain of the eastern Bering Sea shelf is sluggish and predominantly northward; however, wind-driven currents on the shelf show considerable seasonal and interannual variability. Ice formation occurs in the northern Bering Sea and its southward advection due to northerly winds in winter and early spring produces a cold bottom-water layer, the cold pool, which persists through summer. The cold pool may occupy most of the middle shelf during cold years, but is limited to the northern Bering Sea during warm years .
Model description
The copepod IBM is based primarily on the experimental work by Campbell et al. (2001) , who developed temperature-food relationships for the carbon-specific growth rates, size and condition of all developmental stages of C. finmarchicus. Our IBM was written in Matlab code and simulated growth and development of the six naupliar stages and the first five copepodid stages. The adult stage was not included in the model. Stage-specific development times were calculated as a function of food concentration and temperature as follows. The development rate for each stage was simulated by the equation
where R is the development rate (d
), a s is the asymptotic value, b is the slope and x is the food concentration; see Fig. 6 in (Campbell et al., 2001) . The parameters were adjusted to produce curves equivalent to the relationships in Campbell et al. (2001) (Fig. 2 ; Table I ). Temperature adjustments of the development curves (Fig. 3) were generated for each development stage using the Belehradek equation (
) as implemented by Campbell et al. (2001) , where α = 9.11, β = −2.05 and a are parameter values listed in Table I . Growth rates were adjusted to temperature by fitting lines to approximate growth data; see Fig. 12 in (Campbell et al., 2001 ) using the temperature correction equation (Fig. 4) . G max is the maximum growth rate = 1, 0.7, 1.15, 1.0, 0.6, 0.32 and −0.105 for stages N3-N6, N6-C1, C1-C2, C2-C3, C3-C4, C4-C5 and C5-C6, respectively. Although G max is negative for stage C5-C6, the growth rate G is positive as long as the temperatures are such that the magnitude of the second term is <0.076 (Fig. 4) . Respiration rates during diapause were simulated using the temperaturerespiration data of Ingvarsdottir et al. (1999) . The data were fit using an exponential regression ( = ( ) * R exp 0.7667
2 ) and a temperature correction
r where k r = 1.23, both of which yielded essentially the same result (Fig. 5) .
Model forcing
The copepod IBM was driven by output from the Regional Ocean Modeling System (ROMS) applied to the Bering Sea and coupled to a Eulerian nutrient-phytoplanktonzooplankton model developed for the Bering Sea (Gibson and Spitz, 2011; Gibson et al., 2013) . Simulations were done using model output from the M2 mooring site on the middle Bering Sea shelf (Fig. 1) for a cold period (1999) (2000) and a warm period (2002) (2003) . Primary drivers for the IBM, ambient temperature and food, were taken from ROMS model output. Food consisted of the large phytoplankton and large microzooplankton model Table I. variables, and model output from the upper 10 m was used for naupliar and copepodid Stages 1 and 2. Copepodid Stages 3 through 5 were assumed to undergo vertical migration to utilize optimal food and temperature conditions (Schabetsberger et al., 2000) .
Model behavior
The maximum possible size of each Calanus stage in the simulations was taken from Campbell et al. (2001) or from wet weight field measurements when stage-specific data were available from Bering Sea samples. Samples were collected using a 1-m 2 MOCNESS and 25 cm diameter CalVET system (Coyle and Pinchuk, 2002) . Formalin preserved mean wet weight for each cruise was measured as outlined in Coyle and Pinchuk (2002) and was converted to carbon assuming that dry weight is 0.215 of wet weight and carbon is 0.525 of dry weight (Parsons et al., 1988) . If a life stage reached its maximum carbon biomass before the end of the stage duration, it ceased to feed until stage duration was complete and it had transitioned to the next stage. If the simulated animals completed their stage duration before achieving maximum carbon biomass, they transitioned to the next stage without reaching maximum biomass. When development through copepodid Stage 5 was complete, the animals entered diapause, ceased to feed and descended to the bottom layer, where they remained while their carbon biomass declined due to respiration. Diapausing animals were considered to be non- Campbell et al. (2001) ; α = 9.11; β = −2.05; a varies from 595 to 10 964, depending on stage (Table I) . viable after a respiratory loss of two-third of the body carbon had occurred. Carbon losses during diapause were modeled using both simulated temperatures from ROMS model output, and temperature measurements from the M2 mooring (Fig. 1) . Test runs for the IBM were made at constant depths and different constant food concentrations to assess the model response to temperature and food. Model experiments are tabulated (Table II) . Animals reaching maximum size during warm and cold years had to adjust their depth to optimize food concentrations and temperature. The algorithm for determining depth preferences for copepodids 3-5 in the warm and cold years was the following: If the food concentration was >50 μg C L −1 and the mean temperature was <2°C at depths where the food concentration was
, the animals gaining the most weight fed at the depth of maximum temperature where the food concentration was >50 μg C L −1
; this option caused the animals to maximize their feeding rate at the depth where food concentration was >50 μg C L −1
. If the mean temperature was ≥2°C where food concentration was
, the animals gaining the most weight fed at the depth where the food concentration was >50 μg C L −1 and the temperature was minimum; this option maximized their development time in the layer where food concentration was >50 μg C L . This model behavior does not imply that all animals behave like this, but only that animals which reach the maximum size behave like this, given the limitations imposed by the experimental results on C. finmarchicus (Campbell et al. 2001 ) and the growth environment in the ROMS simulations.
R E S U L T S
Simulated water column temperature in early spring during a cold year in the Middle Domain on the southeastern Bering Sea shelf was uniformly subzero (Fig. 6A ).
Surface waters in the simulation began to warm in May and an intense phytoplankton bloom occurred in the upper 30 m. Continued warming generated an intense pycnocline, which resulted in nutrient depletion from the upper 20 to 30 m and termination of the spring bloom. Wind mixing from storm activity generated a secondary bloom in July and August (Fig. 6A ). Surface temperatures from the ROMS output occasionally exceeded 9°C in August-September, but by October, autumn cooling began to erode the pycnocline and by November, surface temperatures below 3°C commonly occurred. When the Calanus IBM was run in this thermal environment, assuming the copepods remain at 5 m depth and experience food saturation (300 μg C L −1 ) for the entire season, those starting in mid April completed copepodid Stage 5 by early July, having reach a size of~240 μg C,~80% of maximum size. Copepodid Stage 5 development required 8 days at a mean temperature of 6.1°C. When the IBM was run assuming animals remained at 10 m depth, they reached maximum size (300 μg C) by early July, but the duration of copepodid Stage 5 was 10 days (2 days longer), and the mean temperature during copepodid Stage 5 was 4.7°C. Thus, animals developing under the metabolic constraints imposed by the model are very sensitive to temperature during development of late-stage copepodids. Warmer temperatures abbreviated the development time, resulting in lower total body carbon when individuals initiated diapause, even if the animals experienced food saturation during the entire development period. Smaller body size with increasing temperatures was also observed in laboratory experiments on C. finmarchicus (Campbell et al., 2001) and is a common feature of ectotherms, especially calanoids (Horne et al., 2016) . Copepods on the Bering Sea shelf may not always experience food saturation during their entire development period. The Calanus IBM predicted that during the cold year, animals living at 10 m depth with only 50 μg C L −1 of food reach a weight of 260 μg C (~87% of maximum , but the Stage 5 copepodids will require 18 days to develop at a mean temperature of 3°C. When the food concentration at 15 m depth was lowered to 30 μg C L −1 , the duration of Stage 5 copepodids decreased from 18 to 12 days because the earlier stages of the development cycle were prolonged, Stage 5 lasted until August 9, but the mean temperature experienced during development of Stage 5 was 5.8°C and the maximum body carbon was~260 μg C.
Simulations indicated that copepods experiencing pulsed food concentrations typical of the southeast Bering Sea shelf in summer (Fig. 6 ) cannot reach maximum size if confined to a constant depth. When copepods in the cold simulation began development in mid April and the Stages 3-5 copepodids were allowed to vertically migrate and feed in the layer of maximum food concentration, they completed copepodid Stage 5 but reached a carbon weight of only 248 μg,~80% of maximum size. However, simulations indicated that Calanus can reach maximum size under these food conditions by migrating below the pycnocline to minimize metabolic losses and lengthen stage duration during the period of food limitation. Those animals in the simulations which fed in the upper edge of the secondary phytoplankton bloom where maximum food concentrations were above 50 μg C L −1 reached maximum size before termination of the phytoplankton bloom and descended to colder deep layers (Fig. 6A) , entering diapause after completing development of copepodid Stage 5 on September 8 (Fig. 7A) . Thus, the physiological constraints as determined by the laboratory measurements (Campbell et al., 2001 ) indicate that those individuals, which optimize growth and development relative to food concentration and temperature can reach maximum overwintering size in cold years on the southeastern Bering Sea shelf.
Temperatures in the upper mixed layer during a warm year without ice on the southeastern Bering Sea shelf reach over 12°C in August-September (Fig. 6B) . The simulations indicated that animals living continuously at 10 m depth from May 21 through July 5 and at temperatures of 2.4-5.7°C, even at food saturation, can attain a maximum weight of only~100 μg C. Animals would have to live continuously at 30 m depth from May 21 through July 16 in a saturated food environment at temperatures of 2.3-3.9°C to develop through copepodid Stage 5 and reach a maximum carbon weight of 294 μg; copepodid Stage 5 would last 12 days at a mean temperature of 3.8°C. In the pulsed food environment typical of the southeastern Bering Sea, animals in the simulation could reach maximum size in the warm year, but copepodid Stages 3-5 would have to graze at the bottom of the bloom to experience ambient temperatures of 2.3-5.9°C to maximize stage development time (Figs. 6B and 7B) . Thus, during a cold year copepodid Stages 3-5 that reached maximum size grazed near the top of the bloom, experiencing a mean temperature of 1.4°C (0.2-7.3°C), and during the warm year they grazed near the bottom of the bloom, experiencing a mean temperature of 4°C. During the cold year, naupliar development could begin as early as mid April, but during the warm year the early stage nauplii and copepodids were stunted if they began development before the third week of May, due to a later initiation of the spring bloom.
Carbon weights from Bering Sea samples are mean values for each cruise (Table III) (Fig. 7 , Table III ). All copepodid stages occurred during the production season from April to September. We have no field data on naupliar stages. Although copepods in the simulations could reach a maximum size in both warm and cold years, only those in a cold year could survive winter. Using simulated temperatures, animals entering diapause in September of the cold year (1999) experienced a mean temperature of −0.23°C and could survive through the following May (Fig. 8A) . Animals entering diapause in mid August of the warm year would experience a mean temperature of 4.1°C and would have lost two-third of their body mass by the end of November (Fig. 8B) . When temperatures at 60 m depth from the mooring at M2 were used to simulate diapause, copepods starting diapause in September during the cold year (1999) could survive till late March at a mean temperature of 1.2°C (Fig 9A) . During the warm year (2002), copepods starting diapause on August 8 could survive until the end of December at a mean temperature of 4.3°C (Fig. 9B) . Note that the simulated diapause started a month earlier in 2002 because the warmer temperatures accelerated the development rate. If it is assumed that on average, Calanus begins diapause in mid August, simulations using mooring temperatures predicted that during a moderate year (2007), copepods reaching maximum size in mid August would survive until early February at a mean temperature during diapause of 1.9°C (Fig. 9C) . During the cold year of 2008, copepods entering diapause in mid August would survive until the end of March at a mean temperature of 0.6°C (Fig. 9D) . Thus, if the metabolic measurements on C. finmarchicus during diapause (Ingvarsdottir et al., 1999) are accurate and C. finmarchicus metabolism is a good model for Calanus in the Bering Sea, the computations predict that poor survival of Calanus in the Middle Domain of the southeastern Bering Sea shelf during a warm year is most likely caused by a failure to survive winter, due to elevated bottom-water temperatures relative to the cold year, and abbreviated development times, causing copepods to enter diapause~1 month earlier in the warm year relative to the cold year.
D I S C U S S I O N
Physiological measurements on C. finmarchicus (Ingvarsdottir et al., 1999; Campbell et al., 2001 ) were incorporated into a Calanus IBM to address the potential causes for substantial declines in Calanus populations during warm periods on the southeastern Bering Sea shelf. Both C. marshallae and C. glacialis have been reported from the southeastern Bering Sea. Ideally, it would be preferable to develop the model using a suite of measurements done on Calanus from the Bering. However, lacking such measurements, those available for C. finmarchicus are probably a reasonable alternative. C. marshallae, one of the species reported from the southeastern Bering Sea, was first described as a unique species by Frost (1974) , who used slight morphological differences in individuals from a variety of locations in the North Pacific, Arctic and North Atlantic to verify the validity of C. finmarchicus, C. glacialis and C. marshallae as distinct species having separate gene pools protected from disruptive inter-specific hybridization by reproductive isolation. Calanus marshallae was thought to be confined to the North Pacific and southern Bering Sea, C. glacialis to the Bering Sea and Arctic and C. finmarchicus to the North Atlantic. With the advent of nucleotide sequencing, C. marshallae has been reported from as far east as Spitsbergen (Sundt and Melle, 1998) and hybrids of C. finmarchicus and C. glacialis have been reported from the northwest Atlantic and Arctic (Parent et al., 2012) . These observations suggest the possibility of gene flow between Pacific, Arctic and Atlantic populations of these sibling species, further confusing their status as unique species with isolated gene pools. Given their very similar morphology and habitat in northern boreal oceans, C. finmarchicus, C. glacialis and C. marshallae probably have similar physiological responses to temperature and food availability in subarctic environments.
Calanus marshallae has been reported from as far south along the Pacific coast as Cape Mendocino (Frost, 1974) , in the northern California Current system. It is therefore surprising that C. marshallae would experience temperature limitation in the southeastern Bering Sea. However, oceanographic conditions in the northern California Current system are very different from those encountered in the Bering Sea. The northern California Current is an upwelling system, with primary production on the order of 650 g C m −2 y −1 over the shelf and 300 g C m −2 y −1 over the slope (Perry et al., 1989) . Furthermore, winter blooms occur from February or March through May, with large sustained blooms occurring during summer through September (Feinberg et al., 2010) . Calanus marshallae off Oregon, therefore, undergo only a brief period of diapause in autumn and awaken in January to take advantage of the winter bloom (Peterson and Du, 2015) . In contrast, primary production in the Middle Domain of the Bering Sea shelf is estimated to be 166-172 g C m −2 y −1 (Walsh and McRoy, 1986; Cross et al., 2014) , and the spring bloom begins in May during warm years. Calanus marshallae produces up to six cohorts per year in the upwelling regions of the California Current system (Peterson and Du, 2015) , but Calanus on the Bering Sea shelf produce only one or rarely two cohort per year (Baier and Napp, 2003) , after which the cohort undergoes up to 7 months of diapause. Although C. marshallae in the northern California Current are probably experiencing warmer conditions  than on the Bering Sea shelf during winter and therefore consuming their lipid reserves at a faster rate during diapause, they only need to survive for up to 3 months, and they are much more likely to encounter favorable feeding conditions when they awake from diapause than Calanus in the Bering Sea. In addition, the shelf off the western USA is very narrow compared to the southeastern Bering Sea shelf, so animals entering diapause can migrate to deep water where they are more likely to encounter a favorable overwintering habitat.
The model indicated that at least some portion of the Calanus population could reach maximum size in the pulsed food environment typical of the Bering Sea during both warm and cold years, but they would require substantial secondary blooms. Up to 50% of the annual primary production in the Middle Domain on the southeastern Bering Sea shelf is estimated to come from secondary blooms resulting from storm-induced vertical mixing of nitrate into the euphotic zone (Sambroto et al., 1986) . However, there is no indication of a relationship between the intensity of stratification and warm or cold years (Ladd and Stabeno, 2012) , implying no consistent pattern of lower annual post-bloom primary production during warm years relative to cold years. Nevertheless, there is some evidence that warmer years may result in an altered phytoplankton species composition, shifting from a diatom-dominated community to one dominated by phytoflagellates (Moran et al., 2012) , which may be a poorer food source for late-stage Calanus. If Calanus experience poor food quality during warm years, they may enter diapause in poor condition, thus limiting their ability to survive winter.
Microzooplankton biomass in the Middle Domain during summer of 2008-2010 was~20-25 μg C L −1 and phytoplankton biomass was~1-2 times the microzooplankton biomass (Stoecker et al. 2014) . Mean phytoplankton biomass in the deep chlorophyll maximum in the pycnocline at~24-26 m depth was 60-80 μg C L and a deep chlorophyll maximum occurred at~41% of the stations; mean phytoplankton biomass in the mixed layer was 20-70 μg C L −1 with a standard deviation near 120 μg C L −1 (Stoecker et al., 2014) . The IBM model indicates that these food concentrations are sufficient for Calanus to reach 300 μg C at a mean temperature of 3°C. Combined microzooplankton and phytoplankton carbon biomass in the ROMS model output during primary and secondary blooms was commonly above 500 μg L −1 , with virtually no biomass present between blooms. The excessively high phytoplankton and microzooplankton biomass estimates in the model output may be caused by an excessively high doubling rate, which can generate unusually high simulated biomass during primary and secondary production events, with very low values between production events due to rapid depletion of nitrate in the euphotic zone. Measured doubling rates in the marginal ice zone were 0.3-0.4 d −1 in 2008 (Moran et al., 2012) . The pattern of simulated phytoplankton and microzooplankton biomass caused by elevated doubling rates would subject copepod populations to more frequent and prolonged periods of food deprivation than they might actually experience in nature on the Bering Sea shelf.
Natural mortality related to the molt cycle is another potential source of population declines in warmer years. Mortality associated with molting has been a focus of study because of its potential effect on estimates of stage duration in field and laboratory experiments (Carlotti and Nival, 1991; Lopez, 1991) . Based on laboratory studies of Calanus pacificus, Lopez (1991) ), n is the stage and d is the stage duration in days. When this equation is used in the Calanus IBM, mortality rapidly increases as temperature declines because stage duration increases, contradicting field measurements from the southeast Bering Sea shelf, which show low Calanus populations during warm years and high populations during cold years (Coyle et al., 2008; Eisner et al., 2014) . Campbell et al. (2001) reported low mortality of C. finmarchicus at 4 and 8°C, and attributed higher mortality in the 12°C tank to culturing conditions. Peterson (1986) reported mortality of C. marshallae naupliar and copepodid stages grown at 10-15°C of 10-100% with highest mortality at highest temperatures, so mortality may be elevated at higher temperatures.
Maximum surface temperatures during the warm and cold years at the mooring site (Fig. 1) were~10°C and 12°C, respectively (Fig. 10) . Temperatures beneath the pycnocline to a depth of 60 m, even during a warm year, are consistently below 8°C . During the warm year, the model predicts that the copepods will complete copepodid Stage 5 development and descend to bottom waters by the beginning of August (Fig. 7B) . Therefore, the maximum temperature that they would encounter during a warm year if they were near the surface would be roughly 10-11°C (Fig. 10) , within the viable range reported by Peterson (1986) . However, the model predicts that during a warm year those copepods reaching maximum size would feed near the bottom of the pycnocline at temperatures of~4°C (Fig. 6B) . Elevated mortality at higher temperatures may be caused by failure of the naupliar and copepodid stages to grow sufficiently to successfully molt to the next stage. As temperature increases, the carbon biomass declines because stage duration declines faster than increases in growth rates at food saturation. We originally wrote the model to require that animals reach at least 20% of their maximum potential size at each stage to successfully molt to the next stage. The model predicted that under food saturation during warm years, animals would not survive beyond copepodid Stage 4 at temperatures of 4-6°C, but Campbell et al. (2001) reported low mortalities at these temperatures. Peterson (1986) reported growth rates of 0.176 d −1 for N5 to C5 C. marshallae cultured at 10°C. If temperature-dependent growth rates from Campbell's experiments (Fig. 4) are underestimates, actual mortality would be lower than the Calanus model indicated at higher temperatures. Although elevated mortality of Bering Sea populations due to thermal stress seems unlikely at temperatures currently experienced on the southeast Bering Sea shelf, verification of temperature-related mortality would require detailed experimental studies focused on developing equations relating mortality during the molt cycle to temperature for Calanus.
An additional potential source of high mortality for Calanus on the southeast Bering Sea shelf during the production season is predation. Dense concentrations of scyphozoan jelly fish have been observed on the southeast Bering Sea shelf; however, they tend to decline during warm periods (Brodeur et al., 2008) . In addition, chaetognaths and the amphipod Themisto libellula, both predators on Calanus, increase their populations during cold periods on the Bering Sea shelf but decline or are absent during warm periods (Pinhuk et al., 2013; Eisner et al., 2014) . Pacific right whales, well known predators on Calanus, have been reported on the southeastern shelf during cold years (Tynan, 2004 , Baumgartner et al., 2013 . Large copepods (Calanus) predominated over small copepods in 0-age pollock diets in cold years relative to warm years (Coyle et al., 2011) . The evidence therefore indicates higher predation mortality on Calanus during cold years relative to warm years in the southeastern Bering Sea. It therefore seems unlikely that predation can account for lower Calanus populations during warm years. Judging from the changes in predator populations in warm relative to cold years, the declines in Calanus populations on the shelf are altering ecosystem structure and energy flow through the ecosystem on the southeastern Bering Sea shelf.
A number of researchers have attempted to estimate the amount of lipid that the copepods store before initiating diapause, how long they can diapause and how much is required to arouse from diapause, molt to the adult stage and mature their gonads (Miller et al., 1998; Rey-Rassat et al., 2002; Scott et al., 2002; Saumweber and Durbin, 2006) . Saumweber and Durbin (2006) reported a difference in oil sack volume of about twothirds between maximum and minimum oil sack sizes for C. finmarchicus. Based on laboratory experiments at 8°C, Rey-Rassat et al. (2002) found that a C. finmarchicus C5 requires~40 μg of wax ester to molt to C6, but concluded that their estimate was low and raised it to 70 μg. They also concluded that the cost of molting to adults is independent of the size and weight of the C5. Since animals with <40-70 μg wax ester in their lipid sack would not be able to arouse from diapause and molt from C5 to adults (Rey-Rassat et al., 2002) , we postulated that animals would not be able to survive winter if their total carbon weight declined below 100 μg, assuming that roughly 30-40% of total carbon remaining at the end of diapause would comprise tissues other than wax esters. Based on these considerations, we ran the model assuming that animals beginning diapause at a size of~300 μg C would not be able to survive molting 

and gonad maturation if their weight dropped below 100 μg C during diapause. The duration of diapause in C. finmarchicus is a function of temperature and body size (Pierson et al., 2013) . Based on modified equations of Saumweber and Durbin (2006) , Pierson et al. (2013) estimated that diapause could last up to 280 days, and be shortened by up to 80 days, depending on temperature and body size. Based on the metabolic measurements of Ingvarsdottir et al. (1999) , we estimated that Calanus reaching 300 μg C during the production season could last up to 268 days on the Bering Sea shelf during the coldest year (1999) and~113 days during the warmest year (2002), a difference of~155 days.The copepod IBM was run using ROMS model output from the M2 location (Fig. 1) to permit comparison of simulated temperature predictions with mooring temperature data . Mooring temperature records revealed that temperatures were uniformly cold during 1999, with subzero temperatures throughout the water column to 60 m depth until June, when temperatures of 0-1°C were observed. Temperatures increased to 1-2°C in July-September, with values of 2-3°C in October-November before rapidly dropping to subzero in December. Bottom temperatures in the ROMS simulation were lower, ranging from 0 to 1°C during the entire simulation. Use of bottom temperatures for the diapause calculations from mooring data indicated that animals reaching 300 μg carbon weight in early September would lose about two-third of their body mass by March. The mooring instruments recorded fluorescence peaks in March and April, especially in cold years, suggesting that ice algae were sloughing from the bottom surface of the ice and sinking past the mooring fluorometer . Molecular studies indicate that ice algae are an important food source for Calanus in early spring of cold years (Durbin and Casas, 2014) . Mooring data indicate that bottom temperatures during winter of 2002-2003, a warm year, were 3-6°C, dropping to 1-2°C only in late March and April . The copepod IBM indicated that Calanus cannot survive beyond December on the eastern Bering Sea shelf at temperatures of 3-6°C. Thus, both the mooring data and ROMS model output indicate that Calanus can overwinter successfully on the shelf during cold years but not during warm years.
Based on the timing of the spring bloom at moorings on the eastern Bering Sea shelf, Sigler et al. (2014) identified three scenarios that developing Calanus might encounter during the production season:
(1) Cold winter with dense ice cover but early ice retreat; copepods develop early due to an early bloom but enter diapause before the autumn bloom (2) Cold spring with late ice retreat where copepods can take advantage of the marginal ice bloom and spring bloom, progeny of late spawners could take advantage of the autumn bloom and enter diapause later than those in Scenario 1 (3) Warm spring with no ice results in a later spring bloom; nauplii and copepodid stages require secondary phytoplankton blooms, diapause is delayed till after the autumn bloom and they utilize their lipid reserves at a faster rate during diapause due to warmer water column temperatures.
Our IBM results indicate that warmer temperatures, whether they follow a warm or cold spring, will cause the copepods to enter diapause earlier than during a cold year because their development rates will be accelerated. Warmer temperatures, even during periods of food saturation, will probably result in a greater proportion of smaller animals in autumn, with less lipid reserves to survive diapause. The spring production season will be delayed during a warm year due to a lack of ice and production related to ice, but the copepods will complete development faster during the warm year and therefore enter diapause earlier than during a cold year. Our IBM model predicts that animals during a warm year will exhaust their lipids by November-January, at least 3 month before the start of the spring bloom in May.
C O N C L U S I O N S
Results from the Calanus IBM indicate that higher temperatures in the upper mixed layer during warm periods on the southeast Bering Sea shelf will shorten stage durations of Calanus and accelerate development during the production season. Nevertheless, some portion of the Calanus population can attain maximum carbon weight by migrating vertically to optimize their ambient temperature relative to their food environment during both warm and cold years. However, even if Calanus are able to reach maximum size during the production season of a warm year, they will not survive winter diapause because warmer winter temperatures on the shelf will accelerate their metabolism, causing them to exhaust their lipid supplies at least 3 months before the start of the spring bloom in May. Calanus are able to survive on the shelf during winter of cold years because their lipid stores are used at a slower rate during diapause, they are more likely to encounter early food resources in the form of algae sloughed from the bottom of sea ice in March and April, and colder temperatures during summer will lengthen stage durations, allowing them to enter diapause in September rather than July or early August.
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